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Histone chaperonea b s t r a c t
Spermiogenesis is a dynamic process leading to alterations in cell morphology. In spermiogenesis,
the roles of the histone chaperones are largely unknown. Here, I report the unexpected roles of
two Nap family proteins, CG5017/Hanabi and nucleosome assembly protein 1 (Nap1) in Drosophila.
Hanabi is mainly localized in the cytoplasm, and the hanabimutant shows fully scattered nuclei and
abnormality of nuclear shaping in spermatid elongation. In contrast, Nap1 is localized at the apical
tip of the sperm head, and the nap1 mutant exhibits disruption of the nuclear bundle in the later
stage. These ﬁndings imply that Nap family proteins might individually sustain cytoskeleton-based
morphogenesis, rather than histone biogenesis.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Spermatogenesis in Drosophila has been well studied as a repre-
sentative model of the human male reproduction system and ste-
rility [1,2]. After meiosis, 64 haploid spermatids per cyst are
present. The 64 haploid spermatids then undergo dramatic
changes in shape. First, there is ﬂagellar extension. The ﬂagellar
axoneme, consisting of microtubules extends from the basal body.
Along the axoneme, spherical mitochondrial derivatives elongate.
In addition to these structures, cytoplasmic microtubules and F-ac-
tin cables extend along the longitudinal axis. Thus, 64 spherical
spermatids clustered in one cyst elongate synchronously to gener-
ate thin long sperm tails. The next step is nuclear shaping and con-
densation. During the latter part of ﬂagellar extension, the
spermatid nucleus is altered from a spherical shape to a needle-like
shape, and chromatin condenses as much as 200-fold. During nu-
clear condensation, somatic histones are replaced by highly basic
proteins such as protamine. In Drosophila, the mammalian homo-
logue of the protamines and transition proteins were recently
identiﬁed as Protamine A (ProtA)/Protamine B (ProtB) and Transition
protein like 94D (Tpl94D) [3,4]. It has been demonstrated in previ-
ous studies that a two-step replacement is also conserved; in the
ﬁrst step, histone is replaced by transition protein, and in the sec-
ond step, transition protein is replaced by protamine in ﬂies as wellas in mammals. The next step can be termed ‘‘individualization and
coiling’’. After the protamine associates with DNA, a conical struc-
ture composed of F-actin, called the actin cone, is formed around
the nucleus. These structures synchronously move down toward
the terminal end of the sperm tail, eliminating excess cytoplasm
and separating the 64 connected spermatids into individualized
sperm [5,6]. These separated sperm coil up, and move into the
seminal vesicle.
Histone chaperones are known to be acidic proteins that inter-
act with histones and are involved in histone trafﬁcking, nucleo-
some assembly, and disassembly [7,8]. Nap1 has been
particularly well studied in vitro [9,10]. In fact, Nap1 is routinely
utilized for in vitro nucleosome assembly assays. In the Drosophila
embryo, although Nap1 is mainly localized in the cytosol, it is
transferred to the nucleus during S phase, suggesting its histone
shuttling property [9]. However, analysis of the physiological roles
of Nap family proteins, including Nap1, has not been thorough.
Furthermore, in the male reproduction system the functions of
Nap family proteins are largely unknown.2. Materials and methods
2.1. Fly stocks
Flies were raised on standard cornmeal-yeast-agar medium at
25 C. The yw67c line was used as the wild-type strain. The GS10858
S. Kimura / FEBS Letters 587 (2013) 922–929 923line was obtained from Kyoto Stock Center. The His2Av-mRFP line
andNap1KO1 linewere obtained from the Bloomington Stock Center.
The ProtB-eGFP line was provided by R. Renkawitz-Pohl.
2.2. Generation of the hanabi null mutant
A P element was inserted about 0.5 kb upstream from the han-
abi gene locus in the P{GSV6}GS10858 line. Homozygous
P{GSV6}GS10858 was lethal, but homozygous viable and fertile
lines were generated by meiotic recombination between chromo-
somes with and without a P{GSV6} insertion. Imprecise excision
from the homozygous viable P{GSV6}GS10858 line generated a han-
abi1 allele in which an approximately 1.0 kb genome region includ-
ing a putative TSS of the hanabi gene was deleted. The range of the
deletion was determined by genomic PCR followed by sequencing.
2.3. Generation of constructs and transgenic ﬂies
All of the following constructs were cloned into a pW8 germline
transformation vector. Transgenic ﬂies were generated by BestGene
(http://www.thebestgene.com). Thehanabigenomic rescueplasmid
was a 2.0 kb genomic fragment containing the hanabi transcription
unit and 0.5 kb and 0.1 kb, respectively, of the 50 and 30 genomic
ﬂanking regions. This fragmentwascloned intopW8with restriction
sites designed for KpnI and NotI. The hanabi::mRFP-1Flag genomic
rescue plasmid was constructed by inserting the mRFP-1Flag se-
quence immediately upstreamfromthe stop codon in ahanabigeno-
mic rescue plasmid. The tpl94D::mRFP-1Flag genomic plasmidwas
generated by inserting themRFP-1Flag sequence immediately up-
stream fromthe stop codonof a2.6 kbgenomic fragmentwhich con-
tained the tpl94D transcription unit and 1.0 kb and 0.5 kb,
respectively, of the 50 and30 genomic ﬂanking regions. This fragment
was cloned into pW8 with restriction sites designed for KpnI and
NotI. The mRFP::nap1 genomic plasmid was generated by inserting
the mRFP sequence (except for the start and stop codons) immedi-
ately downstream of the start codon in a 3.5 kb genomic fragment
which contained the nap1 transcription unit and 1.0 kb and 0.4 kb,
respectively, of the 50 and30 genomic ﬂanking regions. This fragment
was cloned into pW8 with restriction sites designed for KpnI and
NotI. The nap1hanabi promoter::mRFP-1Flag genomic plasmidwas con-
structed as follows. The full length nap1 cDNA (except for the start
and stop codons) with restriction sites designed for XbaI and XhoI,
was inserted in the hanabi::mRFP-1Flag genomic rescue plasmid
that was deleted from immediately downstream of the start codon
to immediately upstreamof the stop codonwith restriction sites de-
signed for XbaI and SalI. Detailed information concerning the con-
struct schemes and PCR primer sequences are available on request.
2.4. Male fertility tests
0 to 1 day old adult males were placed individually with two
wild type virgin females in separate vials for a week at 25 C. Then
the ﬂies were removed, and the presence of F1 progeny was
assessed.
2.5. cDNA cloning
Full length cg5017/hanabi, nap1 cDNA clones were obtained
from the Drosophila Gene Collection (DGC) (Clone ID AT14585,
LD21576).
2.6. Antibody generation
A truncated version of Hanabi (amino acids 1–100) (to avoid the
highly conserved region in common with Nap1) was cloned into
both the pGEX4T-1 vector (GE Healthcare) and the pMAL-cRI vec-tor (New England Biolabs). These vectors were transformed into
BL21-CodonPlus (DE3)-RIL (Agilent Technologies). Glutathione S-
transferase (GST)-fused proteins puriﬁed by glutathione Sepharose
4B (GE Healthcare) were used as an antigen to raise rabbit poly-
clonal antibody. Maltose-Binding Protein (MBP)-fused proteins
puriﬁed with amylose resin (New England Biolabs) were used for
afﬁnity puriﬁcation.
2.7. Testis squash and immunostaining
Dissected testes from 0 to 2 day old adult males were placed
on poly-L-lysine coated slides, squashed in a drop of solution un-
der a cover slip, inverted, pressed, and then frozen in liquid
nitrogen. The cover slip was removed and put in methanol for
5 min at 20 C followed by acetone for 2 min at 20 C as pre-
viously described [11]. For the F-actin staining, slides were put
in ethanol for 10 min at 20 C followed by 4% paraformalde-
hyde in PBS for 7 min at room temperature. Primary antibodies
were diluted in 3% BSA in 1 PBST (1 PBS, 0.1% Triton X-
100). Anti-Hanabi antibody was used at 1:50, anti-Nap1 antibody
(active motif #39577) at 1:100. Secondary antibodies coupled
with Alexa-Fluor 488 (Molecular Probes) were subsequently used
at 1:200. F-actin was visualized by Alexa Fluor 594 Phalloidin
(Molecular Probes #A12381) at 1:50. DNA was visualized by
DAPI staining in VECTORSHIELD (Vector Laboratories). For visual-
ization of mitochondria before ﬁxation dissected testes were cul-
tured in Shields and Sang M3 insect medium (Sigma #S3652)
with 10% fetal bovine serum and antibiotics and 50 nM Mito-
tracker Red (Molecular Probes #M7512) for 2 h at room temper-
ature. A Zeiss LSM510 META confocal microscope was used to
visualize the ﬂuorescence images. To avoid non-uniform staining
for each sample in Figs. S1 and S2, wild-type and each mutant
testis were prepared on the same slide, and genotypes were dis-
criminated by the phenotype of the testes.
2.8. Phase contrast microscopy
Dissected testes from adults male in testis buffer (183 mM KCl,
47 mM NaCl, 10 mM Tris–HCl pH 6.8, 1 mM EDTA) were placed on
slides and squashed in a drop of solution under a cover slip without
pressing. Live squashed testes were observed under phase contrast
using an OLYMPUS IX70 microscope. For Fig. 5, ﬁxed samples were
observed.2.9. Western blotting
Western blotting was carried out using standard protocols. Pri-
mary antibodies were diluted in 3% BSA in 1 TBST (20 mM Tris–
HCl pH 7.5, 150 mM NaCl, 0.05% Tween-20). Anti-Hanabi antibody
was used at 1:500, anti-b-Actin antibody (mouse monoclonal, Ab-
cam #8224) at 1:1000, anti-Nap1 antibody (active motif #39577)
at 1:1000, anti-Flag antibody (Sigma #F7425) at 1:1000. HRP-con-
jugated secondary antibodies were subsequently used at 1:5000
(Dako). Proteins were detected by an ECL reagent (GE Healthcare).
2.10. RT-PCR
Total RNAs were extracted from adult whole bodies or testes
with TRIzol (Invitrogen). First-strand cDNA from the RNA sample
was generated using oligo-dT primers with the Superscript III re-
verse transcriptase system (Invitrogen) following the manufac-
turer’s instructions. As a negative control, reverse transcriptase
was omitted from the reaction. The PCR reaction was conducted
with rTaq DNA polymerase (TaKaRa), with 30 ampliﬁcation cycles.
PCR primer sequences are




2.11. Recombinant protein puriﬁcation
Recombinant NH2-terminal His-tagged Nap1 and Hanabi were
generated using the Bac-to-Bac Baculovirus Expression System
(Invitrogen) according to the manufacturer’s protocol. Proteins
were puriﬁed by Ni–NTA beads (Qiagen), eluted with imidazole,
and applied to a Resource Q column (GE Healthcare). The fractions
containing recombinant proteins were dialyzed.
2.12. His pull-down
His-tagged chaperones were respectively mixed with human
H2A/H2B dimers or H3.1/H4 tetramers (New England Biolabs) in
1 TNE (10 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
Nonidet-P40). After 3 h incubation at 4 C, Ni–NTA beads (Qiagen)
were added. After a further 1 h incubation at 4 C, the beads were
washed, eluted with imidazole, and analyzed by SDS–PAGE, fol-
lowed by silver staining.
2.13. Supercoiling assay
Supercoiled pBR322 plasmid DNAwas treated with topoisomer-
ase I (Promega) to form relaxed plasmids. Histone octamers puri-
ﬁed from Drosophila S2 cells using hydroxyapatite (Bio-Rad) as
previously described [12] were preincubated in the presence or ab-
sence of recombinant Nap1 or Hanabi at 4 C for 10 min. After the
incubation, relaxed plasmid DNA was added to each reaction and
further incubated at 37 C for 60 min. The reaction was stopped
and deproteinized by adding 0.5% SDS and proteinase K and incu-
bating at 37 C for 15 min. The extracted DNA was analyzed for
supercoiling by electrophoresis through a 1% agarose gel in 1
TAE, followed by ethidium bromide staining.Fig. 1. Hanabi is a Nap family protein. Hanabi amino acid sequence alignment with Dr
residues (orange). Conserved amino acid residues (yellow). Nuclear localization signal
terminal acidic regions (black circles).2.14. Micrococcal nuclease digestion assay
The chromatin assembly reaction was performed as previously
described [9]. Brieﬂy, pBR322 plasmid DNA, recombinant Nap1 or
Hanabi, puriﬁed histone octamers, and recombinant Drosophila
ACF, ATP, and an ATP regenerating systemwere used for the assays.
After the chromatin assembly reaction, each sample was treated
with MNase (Sigma) for 5 min. The reaction was stopped and
deproteinized by adding 0.5% SDS and proteinase K and incubating
at 37 C for 30 min. The extracted DNA fragments were analyzed by
electrophoresis through a 1.5% agarose gel in 0.5 TBE, followed by
ethidium bromide staining.
3. Results
To investigate the function of histone chaperones in spermato-
genesis, I searched for candidate factors expressed in the testis by
using a Drosophila tissue-speciﬁc expression database, FlyAtlas
[13]. Among the factors, I selected one that was unknown,
CG5017 (renamed ‘‘Hanabi’’; see below). The Hanabi protein con-
tains a Nap domain that is present in the histone chaperone
Nap1. Protein sequence alignment of Hanabi to Nap1 revealed a
52% similarity (Fig. 1).
To determine the expression levels of hanabi mRNA in adult
ﬂies, I conducted reverse transcription polymerase chain reactions
(RT-PCR). hanabi mRNA was expressed in male whole bodies and
testes, but not in females or male bodies from which testes had
been removed (Fig. 2A). These results showed that hanabi expres-
sion was testis-speciﬁc in adults, data that were consistent with
the FlyAtlas database. Immunostaining of whole testes under con-
focal microscopy with a newly generated anti-Hanabi polyclonal
antibody revealed that Hanabi protein expression was present in
early spermatocytes and persisted to spermatid elongation
(Fig. 2B–G), but vanished in coiled-up sperm after individualization
(data not shown). In these stages, Hanabi was predominantly local-
ized in the cytosol, and not in the nucleus. At the post-meiotic
onion stage, mitochondria fuse into a large spherical mitochondrialosophila Nap1. The alignment was generated using clustalW. Identical amino acid
(box with dotted black line). Nuclear export signal (box with solid black line). C-
































Fig. 2. Localization of Hanabi during spermatogenesis. (A) RT-PCR. rp49was used as
a loading control. RT () and (+) show the absence or presence of the reverse
transcriptase enzyme. F, M, M (-T), T indicate Female, Male, Male testis-dissected,
Testis. (B–M) Immunostaining of the squashed testes. Immunostainig by anti-
Hanabi antibody (green). (B) Early stage of spermatogenesis including germline
stem cells, spermatogonia, and spermatocyte. Apical tip of the testis (asterisk).
Outline of testis (dotted line). Scale bar, 50 lm. (C–F) Onion stage. Mitotracker (red)
shows the Nebenkern (arrowheads). Nuclei visualized by DAPI (cyan). Scale bar,
10 lm. (G) Elongation cysts. The tips of the elongation cysts are indicated by
arrowheads. Scale bar 50 lm. (H–J) Nuclei in an early canoe stage. DAPI (cyan).
Scale bar, 10 lm. (K–M) Nuclei in a late canoe stage. DAPI (cyan). Scale bar, 10 lm.
S. Kimura / FEBS Letters 587 (2013) 922–929 925derivative called the nebenkern [1]. At this stage, Hanabi protein
had strikingly accumulated in the nebenkern rather than in the
cytosol (Fig. 2C–F). Moreover, during spermatid elongation the







Fig. 3. Generation of the hanabi1 allele. (A) A map of the hanabi genomic locus. P elem
deletion range (green line) spanned 1.0 kb around the hanabi gene locus. The hanabi1 mu
genomic fragment (red line and triangle). (B) Western blotting of testes lysates of each
protein (asterisk).(Fig. 2G). In addition, it was also conﬁrmed that Hanabi was not ob-
served in the nucleus in nuclear shaping and condensation
(Fig. 2H–M). In summary, these data demonstrated that Hanabi
was localized in various compartments (except for the nucleus)
during spermatid development.
To assess the physiological role of the Hanabi protein, a null
mutant line of hanabi was established. The hanabi gene locus was
mapped to 98B-5 in the 3R chromosome. A hanabi1 mutant line,
generated by a P element excision method [14], lost approximately
one kbp from the genomic region that included the putative tran-
scriptional start site (TSS) (Fig. 3A). Adult homozygous hanabi mu-
tant males were completely sterile and presented no other
phenotype; on the other hand, females were fertile. Male sterility
was fully rescued by crossing with either a genomic rescue line
or a monomeric Red Fluorescent Protein (mRFP) and Flag-tagged
hanabi rescue line (data not shown). Western blotting (WB) dem-
onstrated that Hanabi protein was not detectable in hanabi homo-
zygous mutant testes, whereas bands were detected in the wild-
type and in rescued hanabimutant lines (Fig. 3B). In immunostain-
ing, the anti-Hanabi antibody detected nothing in hanabi mutant
testes, demonstrating that diverse localization patterns of Hanabi
protein shown above were not induced by cross-reaction with an-
other protein (Fig. S1). In addition, mRFP signals in an mRFP and
Flag-tagged hanabi rescue line were identical to immunostaining
with this antibody (data not shown).
Based on testis squash preparations followed by phase-contrast
microscopic observations, the hanabi mutant was found to lack
mature sperm in seminal vesicle, and I could not detect any defect
until meiosis (data not shown). Using immunostaining with 40,6-
diamidino-2-phenylindole (DAPI), the hanabimutant nuclei during
spermatid elongation were completely scattered, in contrast to the
clustered nuclei in the wild-type (Fig. 4A and B). From the overall
appearance of scattered nuclei, I designated cg5017 ‘‘Hanabi’’, the
Japanese term for ‘‘ﬁreworks’’. In addition, I conducted F-actin
immunostaining with previous DAPI staining to examine whether
actin cones were formed properly. In the wild-type, actin cones
were properly formed around the elongated nuclei, and some of
the actin cones were observed in the middle of the sperm tail, indi-
cating the movement toward the end of the tail away from the nu-
clei (Fig. 4A). In contrast, in the hanabi mutant, actin cones were
not observed at any location (Fig. 4B). Moreover, even if the nuclear
clustering was disrupted, each scattered nucleus appeared to elon-
gate toward a thin shape until the canoe stage (Fig. 4G and H) as
wild-type nuclei became needle-like shaped (Fig. 4C–F), but at la-






































ent insertion (orange triangle) in the P{GSV6}GS10858 line is shown. The hanabi1
tant was rescued by a genomic fragment (cyan line) or by an mRFP-1Flag inserted
genotype. Anti-b-Actin antibody was used as a loading control. Putative degraded

















Fig. 4. The hanabi mutant fails to keep nuclei clustered during spermatid elongation. (A–J) Immunostaining of the squashed testes. DAPI (cyan). (A, B) Whole image of
spermatid nuclei in wild type (A) and hanabi mutant (B). Phalloidin (red) marks actin cones (arrowheads). Scale bar, 50 lm. (C–J) Extended image of spermatid nuclei in wild
type and hanabi mutant. Scale bar, 10 lm. (C, G) Young elongating nuclei (D, H) Early canoe stage nuclei. (E) Late canoe stage nuclei. (F) Nuclei after individualization. (I, J)
Abnormally oval and short nuclei in hanabi mutant.
926 S. Kimura / FEBS Letters 587 (2013) 922–929shaped (Fig. 4I and J). These observation indicated the abnormality
of the nuclear shaping. On the other hand, the hanabi mutant
exhibited uniform scattering of the nuclei throughout the full
length of the elongating cyst, not partial scattering of nuclei. This
observation suggests the possibility that the disruption of nuclear
clustering had already started in the elongating cysts. To examine
this possibility, I observed the cysts in early elongating spermatids
from pupae at pharate adult stage, when elongating cysts are
highly present. In wild-type, nuclei were clustered at one edge in
the elongating cysts, suggesting cysts were normally polarized
(Fig. 5A), and the shape of cysts was long with uniform width in
the phase contrast images (Fig. 5B). However nuclei in hanabi mu-
tant were already scattered in any elongating cysts (Fig. 5C). Fur-
thermore in phase contrast images some cysts exhibited aberrant
swelling and were shorter than those of wild-type, and other elon-
gating cysts had non-uniform width throughout the whole length
of cysts, suggesting that also the extension of ﬂagella was impaired
in hanabimutant (Fig. 5D). These results suggest that the scattering
of nuclei in the hanabi mutant already appears in the elongating
cysts before actin cone formation, and Hanabi might also affect
the elongation of ﬂagella.
To determine whether the replacement of histones by prot-
amine was properly advanced in abnormally condensed nuclei in
hanabi mutant, I examined histone-protamine dynamics using
ﬂuorescently labeled histone or protamine. I crossed either an
mRFP-tagged Histone H2A variant (H2Av) or Tpl94D to enhancedGreen Fluorescent Protein (eGFP)-tagged ProtB in the hanabi mu-
tant background. In hanabi heterozygous mutants that are fertile
as wild-type, both mRFP-H2Av and mRFP-Tpl94D completely van-
ished in ProtB-eGFP-incorporated needle-like nuclei (Fig. 6A–D and
I–L). That result implied correct removal of histone and transition
protein at the time of protamine incorporation. In a hanabi homo-
zygous mutant, protamine was normally incorporated; however,
either mRFP-H2Av or mRFP-Tpl94D remained in eGFP-ProtB-posi-
tive nuclei, indicating that both histone and transition protein
were not removed from the aberrant nuclei (Fig. 6E–H and M–P).
However, mRFP-H2Av (not mRFP-Tpl94D) was not co-localized to
eGFP-ProtB in each nuclei (Fig. 6H), and especially remained both
ends of the nucleus. In contrast, eGFP-ProtB was incorporated in
the central region of the nucleus. These localization patterns imply
that mRFP-H2Av was replaced by eGFP-ProtB in some speciﬁc re-
gions of chromatin even if the nuclear shaping was abnormal. Thus,
in the hanabi mutant, protamine was smoothly incorporated,
whereas removal of the histone and transition protein was im-
paired. Given that Hanabi was not localized in the nucleus at this
stage, it seemed that this impairment might occur as a secondary
effect of the abnormal nuclear shaping in the hanabi mutant. On
the other hand, it is also possible that a transient appearance of
Hanabi in the nucleus was missed.
I asked whether Nap1 itself is involved in spermatogenesis,
based on the possibility that Hanabi is a testis-speciﬁc Nap1 para-








Fig. 5. The scattered nuclei in the hanabimutant already appear in the elongating cysts. (A–D) Cysts in the elongating spermatids in wild type (A, B) and hanabimutant (C, D).
Scale bar, 100 lm. (A, C) Confocal images. DAPI (cyan). (B, D) Phase contrast images.
S. Kimura / FEBS Letters 587 (2013) 922–929 927roles for spermatogenesis. First, to examine Nap1 protein expres-
sion in testis, I conducted immunostaining using anti-Nap1 anti-
body. Nap1 was observed in the male germline from the apical
tip of the testis, and the signal gradually decreased during sper-
matocyte growth (Fig. 7A). This gradual decrease appeared to be
the opposite of the increase of Hanabi in spermatocytes. Surpris-
ingly, during spermatid elongation, the Nap1 signal was enhanced
around the apical tip of the elongating nucleus, probably corre-
sponding to the acrosome (Fig. 7B–D). However, this characteristic




























Fig. 6. Removals of histone and transition proteins are impaired despite protamine
incorporation in the hanabi mutant. (A–P) Confocal images of nuclear condensation
in spermatid elongation in hanabi heterozygous and homozygous mutants. (A–H)
Comparison between histone and protamine. DAPI (cyan), H2Av-mRFP (red), ProtB-
eGFP (green). (I–P) Comparison between transition protein and protamine. DAPI
(cyan), Tpl94D-mRFP (red), ProtB-eGFP (green). Merge shows combination of red
and green signal without cyan. Scale bars, 20 lm.(Fig. 7E). These facts were also conﬁrmed in a transgenic line
expressing mRFP-tagged Nap1 driven by an endogenous promoter
(Fig. 7F–H). Moreover, this characteristic localization of Nap1 in
the acrosome was maintained in the hanabi mutant despite the
abnormal nuclear shaping (Fig. 7I).
To examine the impact of Nap1 on spermatogenesis, I utilized




























Fig. 7. Nap1 is localized at the apical tip of the sperm head. (A–I) Immunostaining
of the squashed testes. Immunostaining by anti-Nap1 antibody (green). DAPI
(cyan). (A) Early stage of spermatogenesis. Apical tip of the testis (asterisk). Outline
of testis (dotted line). Scale bar, 50 lm. (B–E) Spermatid nuclei. Scale bar, 10 lm. (B)
Onset of the elongation. (C) Young elongating stage. (D) Late canoe stage. (E) Nuclei
after individualization. (F–H) Immunostaining of spermatid nuclei. mRFP-Nap1
(red), DAPI (cyan). Early canoe stage (arrowhead). Nuclei after the individualization
(asterisk). Scale bar, 20 lm. (I) Immunostaining of spermatid nuclei in hanabi









Fig. 8. Nap1 mutant exhibits normal shaping and condensation of nuclei, but the nuclear bundle is disrupted after individualization. (A, B) Nuclei before (A) or after (B)
individualization in Nap1KO1 mutant. Phalloidin (red) indicates actin cone. DAPI (cyan). Scale bar, 10 lm. (C, D) Coiling up sperm in wild type (C) and Nap1KO1 (D) mutant
testes. In the enlarged panel, phalloidin (red) indicates actin cap around the nuclear bundle. DAPI (cyan). Each white dotted circle indicates the nuclear bundle of one cyst.



















































Fig. 9. Nap1 cannot functionally substitute for Hanabi in rescue experiments.
Western blotting of testes lysates of wild type and transgenic ﬂy expressing ectopic
mRFP-Flag-tagged Nap1 driven by hanabi promoter. Anti-b-Actin antibody was
used as a loading control. Ectopic Nap1 (open arrowheads). Putative endogenous
Nap1 (ﬁlled arrowhead). Putative degraded Nap1 (asterisk).
928 S. Kimura / FEBS Letters 587 (2013) 922–929gene targeting [15]. It was reported that Nap1KO1 male expressed
no Nap1 proteins in WB and showed semi-lethality. First, I con-
ﬁrmed that Nap1 antibody detected nothing for Nap1KO1 mutant
testes in immunostaining (Fig. S2). Next, I was not able to detect
any mature sperm in Nap1KO1 mutant seminal vesicle (data not
shown). Some of the elongating spermatids in Nap1KO1 mutant
were entirely scattered as in the hanabi mutant (data not shown),
but some of the elongating spermatids escaped and reached the
individualization stage with normal appearance of nuclear shaping
and condensation, also followed by proper actin cone formation
(Fig. 8A). After actin cone moved, some nuclei were still clustered
(Fig. 8B). During the individualization, the ‘actin cap’ composed
of F-actin tightly covers the nuclear bundle, and keep nuclei clus-
tered for prompt sperm release into the seminal vesicle after the
coiling up of sperm tails [16]. In wild type, actin cap formation
was properly formed (Fig. 8C). However, in the Nap1KO1 mutant, ac-
tin cap formation was not observed and nuclear bundles were dis-
rupted until the coiling up of sperm tails (Fig. 8D). In conclusion,
Nap1KO1 mutant cannot keep nuclear bundles in the ﬁnal step of
sperm maturation, so that the sperm transition into the seminal
vesicle was impaired. These data imply that Nap1 keeps nuclear
clustered, as does Hanabi, but mainly at a later stage compared
to Hanabi.
Given that Hanabi is similar to Nap1 in sequence alignment, and
some of elongating spermatids in Nap1KO1 mutant testes showed
fully scattered nuclei as in hanabi mutant testes, I investigated
whether Nap1 and Hanabi were functionally redundant in sper-
miogenesis. In some cases, it is known that conventional isoform
are functionally redundant for testis-speciﬁc isoforms [17]. To test
functional redundancy between Nap1 and Hanabi proteins, I gen-
erated a transgenic line expressing mRFP and Flag-tagged Nap1
driven by the hanabi promoter. Ectopic Nap1 protein expression
was conﬁrmed by WB using either anti-Nap1 or anti-Flag antibod-
ies (Fig. 9). Although ectopic Nap1 portein was less expressed than
endogenous Nap1, sterility of the hanabimutant could not be ame-
liorated by adding either one or two Nap1-containing allele (data
not shown). These data imply that Nap1 in spermiogenesis cannot
functionally substitute for Hanabi.
Additionally, to examine whether Hanabi has conserved histone
chaperone activity in vitro, ﬁrst, recombinant 6 His-tagged Han-
abi was produced in a baculovirus expression system, followed by
a two-step puriﬁcation: afﬁnity puriﬁcation and ion exchange
chromatography (Fig. S3A). It was known that Nap1 binds to his-
tone H2A–H2B dimer and (H3–H4)2 tetramer in vitro [10]. Thus,in His pull-down assays, Nap1 was conﬁrmed to bind histones as
a positive control. Moreover, Hanabi exhibited the capacity to bind
both histone H2A–H2B dimers and (H3–H4)2 tetramers (Fig. S3B
and C). To evaluate the nucleosome assembly activity, I conducted
two additional experiments. First, supercoiled plasmid DNA was
relaxed by Topoisomerase I. Then, I added recombinant proteins
and histone octamers (puriﬁed from S2 cells) to the relaxed plas-
mid DNA. The results demonstrated that both Nap1 and Hanabi
were individually able to change the plasmid back into a super-
coiled form in a dose-dependent manner, suggesting the capacity
for nucleosome formation (Fig. S3D). Next, I used a micrococcal
nuclease digestion assay. Note that assembled nucleosomes are ar-
ranged at irregular intervals on DNA plasmids, but that ATP-depen-
dent chromatin assembly factor (ACF) spaces the nucleosomes at
regular intervals using ATP [9]. In contrast to mock conditions,
when either Nap1 or Hanabi was added to the reaction mixture
micrococcal nuclease digestion yielded DNA fragments in a ladder
pattern after electrophoresis (Fig. S3E). Those results indicate that
nucleosome assembly occurred at regular intervals. Thus Hanabi
has conserved histone chaperone activity in vitro despite the
non-redundancy between Nap1 and Hanabi in vivo.
4. Discussion
Spermiogenesis requires orchestrated reorganization of cyto-
skeletal proteins (such as tubulin and actin) to complete morpho-
S. Kimura / FEBS Letters 587 (2013) 922–929 929genesis [1,18]. I demonstrated that Hanabi was localized at multi-
ple components and that the hanabi mutant showed completely
scattered nuclei with abnormal nuclear shaping. In addition, the
nap1 mutant also showed disruption of nuclear bundles in a later
stage, whereas nuclear shaping and condensation normally ad-
vanced. It has been reported that testis-speciﬁc b-tubulin has a piv-
otal role for the nuclear shaping in spermiogenesis [19]. Thus
tubulin might be a molecular target of Hanabi. On the other hand,
using proteomics analysis it was reported that Nap1 is associated
with nuclear actin [20]. Moreover, many cytoskeleton-related pro-
teins were identiﬁed as Nap1 partners [21]. However, the molecu-
lar mechanism by which Hanabi regulates cytoskeleton is still
unclear. Given that Hanabi functions as a chaperone for acidic pro-
teins in nucleosome assembly in vitro, I proposed the hypothesis
that the ionic property of Hanabi contributing to nucleosome
assembly is also available for testis-speciﬁc b-tubulin or actin
dynamics such as polymerization or depolymerization. Thus, the
ﬁndings in this study are expected to become a ﬁrst step to explore
the relationship between Nap family proteins and cytoskeleton
in vivo.
It is not clear whether Hanabi directly inﬂuenced histone-prot-
amine replacement even if Hanabi is a histone chaperone in vitro.
Note that the hanabi mutant showed abnormal nuclear shaping in
an early stage far before protamine appeared; the abnormality of
histone-protamine replacement seemed to be a secondary effect
induced by abnormal nuclear morphology. However, if Hanabi is
related to histone or protamine dynamics in some way, one possi-
bility is that Hanabi might act as a cytosolic buffer neutralizing the
highly basic proteins such as protamine, and sustain the smooth
trafﬁcking within the cytoplasm. Furthermore, as Nap1 is known
to shuttle in and out of the nucleus [22]; it is also possible that
Hanabi appears very transiently in the nucleus as a histone
chaperone.
Here, I report unexpected roles and dynamics of Nap family pro-
teins in Drosophila spermiogenesis. It has been reported that hu-
man testis-speciﬁc protein, Y-linked 1 (TSPY) is a repetitive
multicopy gene belonging to the Nap protein family, and assumed
to be involved in spermatogenesis [23]. Thus, Nap1 and Hanabi in
Drosophila spermatogenesis might become a useful model for
understanding the function of Nap family proteins including TSPY
in human testis.
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